Abstract-The time variations of the channel during one OFDM symbol interval destroy the orthogonality of the different subcarriers and generate power leakage among the subcarriers, resulting in intercarrier Interference (ICI), which degrades the performance considerably. To mitigate the effects of channel variations, many schemes have been proposed, but they are computationally complex or at the price of sacrificing spectral efficiency. In practical OFDM systems, some known symbols, such as pilots, will be transmitted with data symbols simultaneously in the frequency domain. We find that mitigating the ICI generated by these signals can be performed efficiently with a low computational complexity, since the transmitted symbols are known at receiver and no error propagation problem should be considered. In this paper, we propose a novel pilot cancellation scheme for OFDM systems in time-varying channels which is implemented by reconstructing the pilot signal in the time domain at receiver and subtracting it before detecting the data signal. Simulation results show that the proposed method performs better than the conventional method in which no pilot cancellation is employed and the gap becomes larger with the increase of the maximum Doppler frequency.
I. INTRODUCTION
Orthogonal frequency division multiplexing (OFDM) has received considerable interest in the last few years for its advantages in high-bit-rate transmissions over frequency-selective fading channels. In OFDM systems, the entire channel is divided into many narrow subchannels, which are transmitted in parallel, thereby increasing the symbol duration and reducing the intersymbol interference (ISI). The ISI can be completely eliminated by introducing a cyclic prefix (CP) between adjacent OFDM symbols and ensuring that the cyclic prefix length is greater than the length of the channel impulse response. If the channel is time-invariant within an OFDM block, a traditional complex time domain equalizer can be replaced by a simple single tap frequency domain equalizer, since the cyclically extended guard interval converts linear convolution of signal and channel into circular convolution.
However, future wideband mobile communication systems are expected to operate at high transmit frequencies, at high levels of mobility, and at high capacities, resulting in the channel fading to be both time and frequencyselective. In these cases, channel variations within an OFDM block will destroy the orthogonality of the subcarriers, resulting in intercarrier interference (ICI) due to power leakage among subcarriers which may degrade the bit-error rate (BER) performance severely [1] [2] [3] . To mitigate the ICI due to channel variations, many techniques, e.g., minimum mean squared error (MMSE) [4] , polynomial cancellation coding (PCC) [5] , matched filtering [6] , time-domain filtering [7] , and Taylor series expansion [8] , have been proposed. However, due to the high computational complexity, they may not be feasible in a practical system with a large number of subcarriers [9] .
In OFDM systems, pilot symbols are inserted periodically into the data stream in frequency domain enabling coherent detection at receiver. We find that mitigating the ICI generated by these signals can be performed efficiently with a low computational complexity, since the transmitted symbols are known at receiver and thus no error propagation problem should be considered. Compared with the other ICI mitigation schemes, pilot cancellation can be expected to be a tradeoff between computational complexity and system performance. In this paper, we propose a novel method to cancelling the pilot signal for OFDM systems in time-varying channels which is implemented by reconstructing the pilot signal in the time domain at receiver and subtracting it before detecting the data signal.
A. Basic Notation
In this paper, boldfaces denotes vectors or matrices, E {·} denotes expectation, and I N denotes the identity matrix of size N × N . The superscript T and H stand for transpose and Hermitian transpose, respectively.
II. OFDM SYSTEM MODEL
We consider an OFDM system with N subcarriers, each having a bandwidth of ∆f . Thus, the overall bandwidth is B = N ∆f . In each OFDM symbol, a vector X = {X 0 , X 1 , . . . , X N −1 } will be transmitted with X k being a symbol from a complex valued alphabet with energy E s . The corresponding time domain vector x = {x 0 , x 1 , . . . , x N −1 } is obtained by applying a Npoint inverse discrete Fourier transform (IDFT) on X, i.e., x = IDFT{X}. This vector corresponds to a series of time samples, spaced by sampling period T and T = 1/B. Before transmitting the signal, a cyclic prefix by G samples of the time vector is inserted. The CP is chosen to be larger than the maximum delay spread τ max , i.e., GT > τ max , to prevent inter-symbol interference (ISI).
For comb-type pilot based channel estimation, which has been introduced to satisfy the need for equalizing when the channel changes even in one OFDM block estimation [10] , a total of M pilot symbols {a n ; 0 ≤ n ≤ M − 1} with energy E p are uniformly inserted into X at known locations {i n = nD f ; 0 ≤ n ≤ M − 1} where D f = N/M is the pilot spacing. According to the sampling theorem, the insert frequency should fulfill the following requirement
In practical systems, the energy of the pilot symbols can be varied with respect to that of the data symbols in order to reduce estimation errors [11] . At receiver, when the synchronization is perfect, the received signal with CP removed for each OFDM symbol in a time-varying channel can be expressed by
where L is the number of resolvable paths, ((·)) N represents a cyclic shift in the base of N and w n represents a sample of additive white Gaussian noise. h l (n) denotes the lth channel path at time instant t = n × T which can be modelled as a zero-mean complex Gaussian random variable with
l . Then, Y, the fast Fourier transform (FFT) of sequence y, can be written in a matrix form as
Y= HX+W
where
In ( 
where Y in and a n are the output and input at the nth pilot subcarrier respectively. For DFT-based channel estimation method [12] , the channel impulse response (CIR) can be estimated througĥ
] T and F 1 is a modified DFT matrix retaining only the first G columns and those rows corresponding to the pilot subcarrier positions. In other words, the (p, q) th element of F 2 is given by
Then, the channel frequency response (CFR) for all the subcarriers is given bŷ
where F 2 is a DFT matrix retaining only the first G columns, namely 
It should be noted that noise reduction may be performed on the fact that the channel impulse response has at most G taps, and thus all the other samples correspond to noise.
III. PILOT CANCELLATION SCHEME
The pilot signal in the time domain can be expressed by
where F is the N × N IDFT matrix, i.e., 
a p is a N × 1 vector obtained by retaining the symbols at the pilot subcarriers and setting zeros to the other subcarriers, namely
According to [13] , for the lth channel tap,
with the estimate ofĥ l , we haveĥ
If the linearization is assumed around h l
,ĥ l (n) can be approximated by using linear interpolation between adjacent symbols as follows [14] :
whereĥ previous l
denote the estimates of the channel at midpoint of the previous and next symbols, respectively. Based on (14) and above analysis, they are the lth elements of CIRs in the previous and next symbols, i.e.
and Subtracting y p n directly from y n , the ICI generated by the pilot signal can be mitigated effectively.
IV. SIMULATION AND RESULTS
In order to evaluate the performance of the proposed method, some numerical results are presented in this section. The main simulation parameters for an OFDM system with 16-QAM modulation are chosen as follows: the sampling frequency is 500kHz, the carrier frequency equals 2.4GHz, the number of subcarriers is 64 and the guard interval takes the value of 8. Perfect carrier and symbol synchronization are assumed and since no channel coding is considered, hard decision is used to detect the received symbols. The multipath fading channel is modelled by a T -spaced tapped-delay line filter with tap gains generated by the Jakes' method [15] and the delay profile is shown in Table I .
For channel estimation, 16 pilot symbols with energy E p = 2E s are uniformly inserted into data symbols in the frequency domain. If the same QPSK constellation with normalized energy is used, the pilot signal in the time domain has the form as shown in Fig. 1 . It should be noted from Fig. 1 that the computational complexity can be reduced dramatically by performing the linear interpolation and signal reconstruction only on the nonzero samples. Fig. 2 shows the BER performance as a function of SNR in a time-varying channel where the maximum Doppler frequency is set to be 200Hz. From Fig. 2 , we find that as the number of selected paths K increases, better BER performance will be obtained. The BER performance with the maximum Doppler frequency being 300Hz is plotted in Fig. 3 . It can be seen from Fig. 2 and Fig. 3 that the gap between the proposed scheme and the conventional method in which no pilot cancellation is employed becomes larger with the increase of the maximum Doppler frequency.
V. CONCLUSION
In this paper, we have presented a novel pilot cancellation scheme for OFDM systems in time-varying channels which can be seen as a tradeoff between computational complexity and system performance. The proposed method can be used in practical OFDM systems due to the low implementation complexity and the robust performance. Furthermore, the basic idea behind the proposed method can be extended easily to the mitigation of ICI 
